The role of the tip-vortex pairwise instability ("leapfrogging") is investigated in relation to the process of kinetic energy transport and turbulence production within the shear layer of a horizontal-axis wind-turbine wake. Experiments are conducted in an open-jet wind-tunnel on a wind turbine model. Stereoscopic particle image velocimetry (SPIV) is employed to obtain the velocity field in a meridian plane encompassing a large portion of the wake past the rotor model. Measurements with both phase-locked and unconditioned sampling techniques allow for a triple decomposition of the flow fields. The levels of turbulence intensity show a dominant role of random fluctuations after the location of the pairwise instability. Computation of the kinetic energy fluxes across the wake shear layer shows the presence of three main zones. Prior to the onset of the instability, vortices shed from the blade inhibit the turbulent mixing of the wake during its expansion. The region affected by leapfrogging exhibits a sudden increase of the net entrainment of kinetic energy. Downstream, the energy exchange is characterized by a pronounced turbulent mixing, only due to random turbulent motions. Leapfrogging determines the end of the wake expansion and with the onset of a more pronounced turbulent mixing, coincident with the beginning of the wake re-energising process.
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I. Introduction
HE turbulent flow in the wake of a rotor is relevant for many engineering applications, ranging from wind-turbines to marine propellers and helicopters. When considering clusters or arrays of rotor as in wind farms 25 , the persistence of the wake over a significant distance reduces the energy performance of the entire farm, and induces unsteady loads, noise and fatigue on the downwind rotors 29, 24 . Wake effects increase in off-shore wind farms, where the turbulence intensity is lower than on-shore and wakes persist for several diameters due to the reduced atmospheric turbulence 14 . In offshore wind turbines, knowledge about the basic mechanisms behind the breakdown of the tip-vortices spiral system is needed to estimate the extension of the near wake region, where strong coherent fluctuations dominate. Moreover, the instability and breakdown of the helical system of vortices in the near wake has strong repercussions on the development of the turbulence in the far wake, where the mixing process between the inner wake and the outer free-stream is carried out. Anticipating the mixing process and the recovery of the momentum losses could lower the cost of energy by decreasing the spacing between turbines.
The stability properties of the helical system of vortex filaments in the wake of a rotor have been investigated by several authors (see the reviews by Ref. 28) . Previous research in wake stability analysis showed that, in the near-wake, the vortical structures released by the blade tip and root mutually interact 21 ; this interaction maintains the tip-vortices in their stable helical pattern, which is otherwise unstable regardless of the characteristics of the vorticity distribution 31 , as already analytically demonstrated by Ref. 15 . Most of the research on the stability of vortical structures is valid for a wide range of circulation values (see Ref. 10) , therefore applicable in both helicopters 16 , wind-turbines 20 , naval propellers 10 and aircraft propellers applications. Notwithstanding the amount of studies associated with the stability of the wake in the near field, the identification of the triggering mechanism in the transition to the far field 10 is still an open problem in fluid-dynamics, especially with the presence of consistent viscosity and turbulence.
The effect of this near-wake instability on the mixing process of the wind turbine far wake has only been addressed by Ref. 18 , who ascribes the absence of energy recovery in the near wake to the shielding effect of the tip vortices; this contradicts previous literature, where the tip vortices were regarded as structures enhancing the mixing by entraining high-momentum fluid from the outer stream 12 . However, many studies about the role of coherent structures and the effects of vortex pairwise instability on the energy and momentum transfer in bluff body wakes, jets and mixing layers are available in literature. Ref. A common approach for the simulation of wind farms is to model the rotor as an actuator disk; this approach misestimates the effects of flow turbulence 4 and disregards the effects of the tip-vortex helix instability. Consequently the mixing process across the wake interface and ultimately the rate at which the wake recovers momentum is incorrectly modelled. Ref. 24 explains how the strong velocity gradients introduced at the wake edges in the actuator disc model are not physical and cause unrealistic turbulence sources enhancing the wake dissipation, especially with the use of common turbulence models (as the k- model) and suggested to not use the actuator disc model for wind farms simulations with turbine spacing smaller than five diameters. Ref. 33 performed a comparison between wind tunnel measurements of a wind turbine wake and numerical simulations using the actuator disc model both with and without wake rotation. Experiments and numerical results showed discrepancies till the far wake as far as the turbulence intensity evolution is concerned, while a better agreement in the evolution of the wake velocity profile was found. The present investigation focuses on the experimental analysis of the physics governing the mixing process in the shear layer of a wind-turbine wake, showing how the high kinetic energy of the free-stream is entrained in the inner regions of the wake, leading to its re-energising. The experiments are conducted in a closed-loop open-jet facility of the Delft University of Technology (TUDelft) where a scaled model of a two-bladed wind-turbine is installed. The analysis of the wake flow is conducted by mean of stereoscopic particle image velocimetry SPIV, 22 . Previous works by Ref. 8, Ref. 27 and Ref. 30 have already demonstrated the accuracy and reliability of this measurement technique when dealing with rotor wakes. In the present study, the measurements are acquired along axial planes past the rotor till 5 diameters downstream (in this paper only the instability region up to ~3 diameters downstream will be investigated). The ability to measure both unconditioned averaged flow field properties as well as phase-locked snapshots allows to uncover the details of the energy transport following a triple decomposition of the velocity field into mean, periodic and random fluctuating components 23 .
II. Method A. Kinetic energy transport and triple decomposition
Due to the presence of periodic vortical structures in the flow, the kinetic energy transport is studied via a triple decomposition of the flow with mean, periodic and turbulent velocity fields 23, 3, 1 . The procedure is typically applied in mixing flows, 9 when the unsteady boundary conditions are of periodic type (rotors, flapping aerofoils, etc.) to separate the contribution of the periodic fluctuations from the random turbulence. The triple decomposition defines the velocity field u i and the pressure field p i as:
where is the instantaneous velocity field, ̅ denotes the time average velocity field, ̃ the periodic fluctuations and the indicates the randomly fluctuating velocity component. In the classical Reynolds decomposition, the velocity field is ̅ , where ̃ . Typically, the time average flow ̅ is obtained as ensemble average of a series of unconditioned samples, while the phase-average field 〈 〉 is obtained by phase-locking the measurement acquisition with the periodic motion,. The fluctuating component pertaining to one phase can be obtained from the phase-locked average field as
for each phase. This entails a clear distinction between the ensemble and phase-averaged Reynolds stresses as:
The mathematical relationship between the two quantities is:
Where:
is the average over all phases of the Reynolds stresses relative to the random fluctuations and periodic motions respectively. As denoted by Ref. 23 the average kinetic energy associated with the fluid having velocity u i is:
where K E is the kinetic energy of the mean flow, K P of the periodic structures and K T is the contribution of the random turbulent fluctuations . Neglecting the viscous effects, the transport equation of the mean flow kinetic energy for one phases φ in the phase-locked form as derived from Ref. 23 by multiplying the Navier-Stokes by ̅ and time averaging reads as:
The term on the left-hand side denotes the net rate of increase of the energy component, while the right-hand describes the mechanisms governing it. The first and fourth terms on the right represent the transport of mean flow kinetic energy within the flow by means of the pressure gradient, periodic and random flow fluctuations. The second term derives from the fact that the obtained averaged field is convected with the mean flow. The third term represents the mean flow kinetic energy which is adsorbed by the periodic and random flow fluctuations. Eq. (7) allows restricting the study to one single phase, with evident advantages in terms of duration of experiments. The present manuscript will focus on the third and the fourth term of the right-hand side of Eq. (7), representing respectively the mean flow kinetic energy loss into turbulence and coherent vortices and the kinetic energy transport due to the turbulence and the periodic vortices at the phase φ.
B. Experimental set-up and test conditions
Detailed information about the wind tunnel, the wind turbine model design and characteristics and about the stereo PIV setup can be found in Ref. 17 . In this section, only the most important information are reported. The employed model is a two-bladed horizontal-axis wind-turbine shown in Figure 1 , with design tip speed ratio λ = 6 and a rotor diameter D = 0.6 m. The wind-tunnel blockage-ratio is 0.04. An Eppler E387 26 airfoil with a thickness to chord ratio of 9.06% is used along the blade span. The airfoil is particularly suited for low Reynolds numbers. Blades have been especially design for constant bound circulation along the span at the design tip-speed ratio. The chord-based Reynolds number at the tip region is approximately Re=100,000 at λ = 6. The nacelle has a diameter of 0.038 m (6.3% of the rotor diameter) and contains an optical trigger (opto-coupler TCST 2103) which provides a one pulse per revolution signal allowing for the PIV phase synchronization for phase-locked measurments.
Parameters
Units  Stereoscopic particle image velocimetry Experimental data are obtained through stereoscopic particle image velocimetry, which provides three-component velocity fields on a plane and processed by average of correlation maps, as detailed in Table 2 . A stereoscopic PIV setup has been installed in a traversing system able to scan the flow field in the wake of the horizontal-axis wind-turbine wake. The required illumination is provided by a Quantel Evergreen Nd:YAG laser system with 200 mJ/pulse. Two LaVision Imager Pro LX 16 Mpix (4870 × 3246 px2, 12 bits) with pixel pitch of 7.4 μm/px are used to image a field of view of 0.357 × 0.253 m2. Seeding was provided in the test section by a SAFEX smoke generator with SAFEX MIX, able to produce liquid droplets of less than 1 μm. The entire setup was mounted on a traversing system able to translate in two directions. Ensemble of 400 (phase-locked), 720 (unconditioned) double-frame recordings have been acquired and processed by LaVision Davis 8. 
III. Results and discussion
C. Analysis of the flow topology and vortex evolution
 Wake velocity field The velocity field in the wake up to 3 diameters downstream is reconstructed by combining the different fields of view from the PIV measurements. In Figure 2 , the ensemble averaged axial velocity (x-direction) spatial distribution is presented for the two different values of the thrust coefficient, respectively 0.82 and 0.89 ( Table 1 ). The onset of the wake instability is represented by a localised shear layer thickness increase developing in proximity of the maximum wake expansion, respectively starting at x/D ~ 1.3 for  = 4.8 and x/D ~ 1 for  = 6.
The maximum thickness of the shear layer coincides with the location where the tip-vortices had paired in doublets and completed a 90 rotation (see Figure 4) . As already noted by Ref. 10 , the onset of the wake instability depends upon the tip-speed ratio, with higher tip-speed ratio causing an earlier instability. This is due to the shorter pitch of the helical vortex filament, which leads to a more rapid onset of interaction between vortices.
The flow associated with the raising of the leapfrogging instability is shown as contours of phase-locked average velocity in Figure 4 and Figure 3 . The stream-line pattern is referenced to an observer travelling with the vortex convective velocity which is estimated from the phase-locked fields. Consequently, the vector fields and the stream-line pattern are representative of the 2-dimensional velocity field
It should be noted that this is based on the assumption of null vertical convective velocity. The axial convection velocity uc is estimated at 3.7 m/s for  = 6 and 1.7 m/s for = 4.8. The two close-ups of Figure 4 and Figure 3 show the pairwise organization of the vortices, with duplet structures separated by stream-line saddle points A1, B1, A2, B2. The two arrowed lines indicate the converging and diverging separatrices connecting the two consecutive vortices. The inclination of the diverging separatrices with respect to the wake centre-line varies along the wake evolution due to the wake expansion and by the presence of the vortex instability. The value of the separatrix inclination with respect to the duplets middle plane was estimated to be about 40° in good agreement with the findings of Ref. 
̅̅̅̅̅̅
√ ∑ ̅̅̅̅̅̅̅ (8) and shown in Figure 5 . In wind energy jargon, this is normally called the "added turbulence" and represents the flow turbulence caused by the presence of the turbine, which is added to the ambient turbulence 7 . This includes both the periodic and the random velocity fluctuations, which are not separated in a classical double Reynolds decomposition, as shown in Eq. (8) . Coherent periodic structures as the tip-vortices are therefore accounted for as turbulence and this leads to the well-known peaks of turbulence intensity close to the rotor at the blade tip location, as also evident in Figure 5 . However this is not theoretically right. In fact, as very well-expressed by Ref. 34 , a vortex structure can be defined as a concentrated, continuous, coherent distribution of vorticity which is uniform in the direction of the vorticity vector and which grows in scale by viscous diffusion alone, whereas turbulence eddies may be described as vorticity-containing region of fluid. In this section, the contrasting roles in the transport of kinetic energy of this different flow structures will be shown. In order to isolate the contribution of the random fluctuations in a selected phase, the formulation in Eq. (9) is used to calculate the phase-locked average turbulence intensity, shown in Figure 6 . A strong increase in the level of the turbulence intensity in the shear layer is shown after the location where the vortices have completed a 90 rotation. After this location, the turbulent mixing in the far-wake field is dominated by random fluctuations, determined by the breakdown and dissipation of the strong concentrated periodic fluctuations of the vortex system in the very near wake.
 Mean flow kinetic energy fluxes
The behaviour of the periodic vortical structures and the random turbulent fluctuations is studied via the calculation of the fluxes of the mean-flow kinetic energy. This can be done by estimating the terms contained in the gradient of the last element of Eq. (7), namely ̅ ( ̃ ̃) and ̅ 〈 〉. These terms represent the fluxes of the mean flow kinetic energy in a selected phase by action of the periodic ( Figure 7 ) and random fluctuations (Figure 8 ) respectively. The spatial gradients of these terms represent therefore a net transport of kinetic energy in the volume of flow. The only terms which are supposed to contribute to the wind-turbine wake re-energising process are the fluxes of kinetic energy relative to the mean axial velocity directed toward the wake centreline, namely ̃ ̅ ̃ ̃ and ̅〈 〉 in the x-y plane of the measurements. Positive values mean downward fluxes of kinetic energy, therefore energy entrained in the inner part of the wake. Two zones can be identified. The first zone, before the vortex breakdown where the wake expansion occurs, shows the tip-vortices structures to be the only structures determining a mean flow kinetic energy transport across the wake layer, although with a negligible net value, due to both positive and negative contribution of similar magnitude. The second zone, after the wake instability and the tip vortex breakdown, is characterised by a downward net entrainment of kinetic energy, i.e. towards the inner region of the wake, caused by the random turbulent motions, signifying a dominant role of these flow structures in the re-energising process. The result is in accordance with the hypothesis of Ref. 18 who stated that the near wake tip-vortices are acting as a shield inhibiting the wake to mix with the outer flow.
 Production of turbulent kinetic energy
The phase-locked average production 〈 〉 of turbulent kinetic energy associated to random fluctuations, as presented in Ref. 6 is:
This term constitute a sink for the phase average flow kinetic energy and can as such be considered as destruction of kinetic energy of the phase-locked average velocity field. The studies in Ref. 2 and Ref. 6 show that the saddle points between two consecutive vortices are zones of large production of turbulent kinetic energy: in fact, the turbulence is produced mainly in the braids between the large vortices along the divergent separatrix, as noted by Ref. 11 , and then transported to and accumulated in the vortices. Figure 9 shows how the contours of 〈 〉 are crowded in the region along the diverging separatrix, in accordance with abovementioned studies. The production of turbulence values along the separatrix for both tip-speed ratios reach their extrema in the leapfrogging location. It must be noted that the strong peaks of turbulence production in correspondence of the vortex cores are due to phase fluctuation of the vortex structure itself (vortex wandering in Ref. 8 ) and to the high values of experimental noise in those regions. 
IV. Conclusions
An experimental investigation has been performed using stereo particle image velocimetry in order to study the evolution of the vortex structure in the wake of a 0.6 m diameter horizontal axis wind turbine and the influence of the pairwise instability of the tip-vortex filaments (the so-called leapfrogging phenomenon) on the evolution of the far wake turbulence and mean flow kinetic energy transport. Observation of the unconditioned average velocity field demonstrated a localised increase of the wake shear layer thickness in correspondence of the wake instability, which also coincides with the location of its maximum. A detailed analysis of the interacting vortex doublets show a general structure in agreement with previous studies on bluff body wakes and planar jets, with converging/diverging separatrices intersecting in saddle points which constitute peaks of turbulence production. The analysis of the flow statistics revealed a major difference between the unconditioned average and the phase-locked average turbulence intensity. The former one exhibits characteristic peaks close to the rotor at the blade tip region due to the presence of strong coherent vortices; the latter one shows a sudden increase after the tip-vortex breakdown. The investigation of the mean flow kinetic energy transport demonstrates a deeply different nature of the vortex structures and the turbulent fluctuations, which normally are both accounted for as turbulence. In particular the analysis suggests the presence of three zones characterised by a totally different mixing. In the first zone the vortices inhibit the mixing of the wake during its expansion, in the transition zone the leapfrogging causes a sudden increase of the net entrainment of the mean flow kinetic energy and in the third zone a more efficient mixing contributes to the wake re-energising, in accordance with previous work from the authors 17 . This research explains the dominant effect that the wake instability has on the wake mixing, already expressed in a qualitative way by previous literature.
